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1 has been found after a decades-long search, the stability is ensured by Lorentz invariance. In the realm of condensed-matter physics, particle-hole symmetry can play this role 2 and a Higgs mode has been observed in weakly-interacting superconductors [3] [4] [5] . However, whether the Higgs mode is also stable for strongly-correlated superconductors in which particle-hole symmetry is not precisely fulfilled or whether this mode becomes overdamped has been subject of numerous discussions [6] [7] [8] [9] [10] [11] . Experimental evidence is still lacking, in particular owing to the difficulty to excite the Higgs mode directly. Here, we observe the Higgs mode in a strongly-interacting superfluid Fermi gas. By inducing a periodic modulation of the amplitude of the superconducting order parameter ∆, we observe an excitation resonance Spontaneous symmetry breaking occurs when an equilibrium state exhibits a lower symmetry than the corresponding Hamiltonian describing the system. The system then spontaneously picks one of the energetically degenerate choices of the order parameter and due to the specific energy landscape this process is accompanied by new collective modes. The typical picture, which exemplifies spontaneous symmetry breaking, uses a Mexican-hat shaped energy potential (see Figure   1a ) that suggests the emergence of two distinct collective modes: the gapless "Goldstone mode", which is associated with long-wavelength phase fluctuations of the order parameter, and an orthogonal gapped mode, the "Higgs mode", which describes amplitude modulations of the order parameter. While Goldstone modes, such as phonons, appear necessarily when continuous symmetries are broken, stable Higgs modes are scarce, since decay channels might be present. The best-known example of a Higgs mode appears in the Standard Model of particle physics where this mode gives elementary particles their mass 1 .
In the non-relativistic low-energy regime usually encountered in condensed-matter physics, the existence of a stable Higgs mode cannot be taken for granted 6 . However, under certain con- In recent years, research has focused on advanced materials exhibiting superconductivity far beyond the conventional BCS description, such as cuprates, pnictides, and the unitary Fermi gas.
Many of these materials are characterized by strong fermionic correlations. Even though in this context the existence of a Higgs mode has been the topic of theoretical debates [7] [8] [9] [10] [11] , experimental evidence for the Higgs mode in systems exhibiting strong correlations between fermions is still absent.
Here, we spectroscopically excite the Higgs mode in a superfluid Fermi gas in the crossover between a weakly-interacting BCS superfluid and a Bose-Einstein condensate (BEC) of stronglycoupled dimers (Fig. 1 ). We induce a periodic modulation of the amplitude of the superconducting order parameter ∆ and find an excitation resonance near twice the superconducting gap value. On the BCS side, the spectroscopic feature agrees with the theoretical expectation of the Higgs mode.
On the BEC side of the crossover, we find strong broadening beyond the predictions of BCS theory and, eventually, the disappearance of the mode as predicted for a weakly-interacting BEC 6, 10, 11 .
Our measurements are conducted in an ultracold quantum gas of ∼ 4 × 10 6 6 Li atoms prepared in a balanced mixture of the two lowest hyperfine states |1 and |2 of the electronic ground state. The gas is trapped in a harmonic potential with frequencies of (ω x , ω y , ω z ) = 2π × (91, 151, 235) Hz and is subjected to a homogeneous magnetic field, which is varied in the range of 740 − 1000 G in order to tune the s-wave scattering length a near the Feshbach resonance located at 834 G. This results in an adjustment of the interaction parameter of the gas in the range of −0.8 1/(k F a) 1, i.e. across the whole BCS/BEC crossover. The Fermi energy in the center of the gas is E F h × (34 ± 3) kHz at each of the considered interaction strengths and sets the Fermi wave vector k F = 8π 2 mE F /h 2 , where m denotes the mass of the atom and h is Planck's constant.
Excitation of the Higgs mode requires a scheme which couples to the amplitude of the order parameter rather than creating phase fluctuations or strong single-particle excitations. Previous theoretical proposals 8, 19, 20 for exciting the Higgs mode in ultracold Fermi gases have focused on a modulation of the interaction parameter 1/(k F a), however, experimentally only single-particle excitations have been observed from such a modulation 21 . We have developed a novel excitation scheme employing a radiofrequency (rf) field dressing the state |2 with the initially unoccupied hyperfine state |3 thereby modulating the pairing between the |1 and |2 states, see Figure 1b and c. Previous experiments investigating ultracold gases with rf spectroscopy [22] [23] [24] [25] have focused on studying single-particle excitations. To this end, there, the duration of the rf pulse τ had been chosen shorter than the inverse of the Rabi frequency Ω R , such that the spectra could be interpreted in the weak-excitation limit using Fermi's golden rule. In contrast, here, we employ an rf drive far red-detuned from single-particle resonances in the interacting many-body system and in the longpulse limit Ω R τ 1, in order to couple to the amplitude of the order parameter. To illustrate this, consider first an isolated two-level system of the |2 and the |3 state coupled by a Rabi frequency Ω R with detuning δ from the resonance. The occupation probability of the atoms in the |2 state is In the many-body problem of the BCS/BEC crossover, the situation is complicated by the dispersion of the (quasi-) particles and the presence of interactions. In particular, a continuum of excitations typically occurs above the energy of the lowest single-particle excitation to state |3 (see Figure 2a) . Deep in the BCS regime, the continuum of excitations is related to the different momentum states and the excitation scheme can be approximated by coupling each occupied momentum state of the BCS quasi-particles in level |2 to the corresponding momentum state in state |3 since the rf dressing transfers negligible momentum. The effective Rabi frequency
and therefore the excitation probability becomes momentum dependent by the many-body detun-
where ξ k is the single-particle dispersion, and E k = ξ 2 k + |∆| 2 is the quasi-particle dispersion and ∆ is the s-wave superconducting order parameter. A red-detuned rf drive, as employed here, avoids resonant coupling to the single-particle excitations, however, still modulates off-resonantly the occupation of the excited states as shown in Figure 2b .
The off-resonant periodic modulation of the occupation of the state |2 with controllable frequency Ω R,k induces a modulation of the amplitude of the order parameter |∆| (Fig. 1e , for details see Methods) and hence couples directly to the Higgs mode. To illustrate this mechanism, we numerically solve the minimal set of coupled equations of motion describing the evolution of the order parameter in the presence of an rf coupling to state |3 (see Methods and Supplementary Figure) . We see that the Fourier spectrum of |∆| for one modulation frequency displays -aside from a response corresponding to the modulation frequencies Ω R,k -a sharp peak at the gap value 2|∆|, see Figure 2d . By the momentum-resolved representation (Figure 2c ) we identify this peak to be dominated by the Higgs excitation with a momentum-independent dispersion. The amplitude of the latter is maximum when the averaged effective drive frequency Ω mod ≈ 2|∆| in accordance with its expected frequency. The Higgs mode is a collective mode of the system and even for the harmonically trapped gas exhibits a unique frequency. Numerical studies in the BCS limit have shown that in harmonically trapped systems, the Higgs mode should occur at the frequency of twice the superconducting gap evaluated at the maximum density of the gas 8, [26] [27] [28] [29] and hence we use this as our reference for the value of the gap in order to compare with theory and other experiments.
In the experiment, we search for the Higgs mode by measuring the energy absorption spectrum of the fermionic superfluid in the |1, 2 states for different interactions.
Using Ω R and δ as adjustable parameters, we dress the |2 state by the |3 state with adjustable modulation frequency given by the effective Rabi frequency. We choose a drive frequency in the single-particle excita- we fit with a Gaussian to the high-frequency side in order to extract the peak position and width. A contribution to the asymmetric peak shape stems from the momentum-dependence of the effective Rabi frequencies Ω R,k . As indicated in Figures 2a and b , the effective detuning (and hence the modulation frequency) varies with increasing momentum k. Therefore, a resonant excitation at the Higgs mode frequency can be achieved for high momenta k even though for low momenta the modulation frequency is below the resonant excitation.
In order to demonstrate the collective mode nature of our resonance, we perform a number of checks. Firstly, we verify that the excitation resonance frequency (to within 4%) and shape is independent of the modulation strength in the range of 0.001 < α < 0.2 and modulation duration between τ = 0.5 ms and τ = 30 ms (for the definition of α, see Methods and Supplementary Figure) .
Secondly, we have confirmed that the observed resonance peak is not caused by single-particle excitations by measuring the excitation probability to the |3 state vs. modulation frequency Ω mod and finding a featureless broad spectrum. This and the following checks have been performed with a modulation amplitude of α = 0.2 and a modulation time of 0.5 ms, which is much shorter than the trap period of ∼ 5 ms. Hence the measurement is insensitive to thermalization effects and/or density redistribution within the cloud. Thirdly, we check the momentum-dependence of the resonance. After the modulation, we perform a time-of-flight expansion for a period of 15 ms, which is approximately a quarter period of the residual harmonic potential during ballistic expansion. This procedure maps the initial momentum states to positions in the absorption image 30 . We analyse the detected condensate density in momentum intervals of 0.02 k F and find that the excitation resonance is at the same frequency for all momentum intervals, see Figure 3b and 3c. Finally, we have searched for possible quasiparticle excitations resulting from our interaction modulation by employing standard rf spectroscopy 24, 25, 31 after the interaction modulation. The spectra only show a very weak and broad background independent of the modulation frequency. This behaviour is not unexpected since the contribution of quasi-particle excitations is smeared out in the presence of a trap as we confirmed numerically using the local-density approximation.
In Figure 4a , we plot the position of the fitted peak of the energy absorption spectra vs. the interaction parameter 1/(k F a) evaluated at the center of the sample. It has been suggested 8 that the Higgs mode frequency is close to twice the superconducting gap in the BCS/BEC crossover and can therefore be used as an approximative measure of the gap. In the crossover regime, the exact value of |∆| is yet unknown and both experiments and numerical calculations are challenging. We compare our data to gap measurement using different methods 31, 32 and several numerical calculations [33] [34] [35] [36] [37] [38] . As compared to the previous experimental results, our extracted value is somewhat larger. We note that previous gap measurements rely on fitting the onset of a spectral feature whereas our method is based on fitting a Gaussian to a slightly skewed spectral feature and both methodologies could be susceptible to small systematic uncertainties. An upper bound is provided by the theoretical result of mean-field theory (dashed line), which is known to overestimate the superconducting gap.
In Figure 4b , we plot the full-width-at-half-maximum of the Gaussian fits to the energy absorption peaks. Utilizing the BCS model for the momentum-dependent excitation discussed above, we estimate the width of our excitation resonance to be of order ∆, see Supplementary
Figure. Hence, we cannot directly interpret the linewidth of our spectra as the decay rate of the Higgs mode but only as lower limit of the lifetime. On the BCS side of the resonance we find good agreement with our model and towards the BEC side the measured width far exceeds the prediction, indicating that the Higgs mode becomes strongly broadened, for example, due to the violation of particle-hole symmetry resulting in a decay into Goldstone modes 6, 10, 11, 39 . Extending, in the future, our novel experimental scheme with a better momentum resolution will provide a route to finally explore the decay mechanisms of the Higgs mode, the understanding of which is a cornerstone in both high-energy particle physics and condensed-matter physics. Data Availability Statement The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request. 
Methods 1 Preparation
Using standard techniques of laser cooling and sympathetic cooling in a mixture with Sodium atoms in a magnetic trap, we prepare ∼ 5 × for which we obtain agreement with the Lorentzian model to a few percent.
We check for unpaired atoms in the |2 state for red and blue detuned radio-frequency with respect to δ 0 as a result of the modulation. This has been achieved by rapidly ramping the field to 20 450 G with approximately 4 G/µs, which allows for the detection of free atoms rather than paired atoms. In the case of a red-detuned radio-frequency modulation no enhancement of the signal of unpaired atoms could be observed over the whole range of modulation frequencies. However, blue detuned radio-frequency modulation increases significantly the number of unpaired atoms due to single particle excitations to the continuum, see Supplementary Figure 1 .
Additionally, we vary the driving strength α and observe that the resonance position of the peak with respect to the modulation frequency does not vary, see Supplementary Figure 2 .
Theoretical modelling
The experimental system can be described taking three different fermionic levels into account.
Initially the system is prepared in a balanced mixture of states |1 and |2 . Since we are mainly interested in the excitation mechanism and for this mainly the presence of a difference in the interaction strength between states (|1 and |2 ) and (|1 and |3 ) is needed, we take here only the interaction between these two states into account and decouple this term within the s-wave BCS channel. Using the rotating wave approximation for the coupling between the states |2 and |3 , we obtain the Hamiltonian
with
amplitude of the order of 0.05 %.
Comparison of the experimental and theoretical spectra
In Supplementary Figure 5 , we show a comparison of the experimentally measured spectra with the theoretical simulation. In order to gain insight into the structure expected from the excitation scheme, we theoretically extract the weight of the Higgs excitation for different effective modulation frequencies and plot these in the lower panel of Supplementary Figure 5 for 1/(k F a) = −0.63.
To evaluate the area under the Higgs, for each momentum, we integrate around the Higgs excitation peak (shown in Figure 2c ) and then sum over all momenta along the Higgs excitation line.
Let us note that this procedure leads to the artefact that at high modulation frequencies still a nonvanishing contribution to the weight is found, which, however, can be attributed to the excitation of quasi-particles in a homogeneous system and would vanish in a trapped system as considered experimentally. More importantly, we see that even though the Higgs mode has a very sharp frequency (as shown in Fig. 2c ) and therefore a long life-time, the resulting spectra show a much broader peak. The width of the peak is due to the excitation procedure. In particular, a resonant excitation of the Higgs mode is already possible if the effective modulation frequency lies below the sharp frequency of the Higgs mode, since then already some of the Rabi frequencies of the higher momentum components (compare stars in Fig. 2c ) can resonantly excite the Higgs mode.
Thus, the broadening of the spectral feature is mainly due to the particular excitation scheme and not a measurement of the life-time of the Higgs mode. Let us conclude by pointing out that the full width at half maximum in both the theoretical and the experimental spectra is approximately |∆|.
7 Local density approximation for the quasi-particle excitations
To study the effect of the harmonic trapping on the quasi-particle excitations we performed a calculation of the systems dynamics within the local-density approximation (LDA). Within LDA we treat points of different density as effectively homogeneous systems with rescaled interaction 1/[k F (r)a], Fermi energy E F (r) and chemical potential consistent with the system's density profile. We assume the latter to be the profile for non-interacting fermions as typically the density profiles only changes slightly for the considered interactions. The time evolution of the superconducting order parameter of the homogeneous system is performed locally for each point in the trap and rescaled to give ∆(r,t) E F (r=0)
. We then take the density-weighted average of its Fourier transform.
It is important to note that the Higgs -due to its collective nature -cannot be treated in this formalism, so that we remove the Higgs peak in each Fourier transform by hand before we take the trap average. Integrating the resulting spectrum gives the background excitation weight (cf. Supplementary Figure 6 ). In contrast to the peaked quasi-particle structure of a homogeneous system, we find the trap averaged background excitation weight to be significantly broadened resulting in a featureless, broad background.
